Tight junctions form an interceUlular barrier between epithelial cels, serve to separate tissue compartments, and maintain cellular polarity. Paracellular sealing properties vary among cel types and are regulated by undefied mechanisms. Sequence of the full-length cDNA for human ZO-1, the first identified tight junction component, predicts a protein of 1736 aa. The N-terminal 793 aa are homologous to the product of the lethal(l)discs-large-1 (dig) tumor suppressor gene of Drosophila, located in septate junctions, and to a 95-kDa protein located in the postsynaptic densities of rat brain, PSD-95. All three proteins contain both a src homology region 3 (SH3 domain), previously identified in membrane proteins involved in signal transduction, and a region homologous to guanylate kinase. ZO-1 contains an additional 943-aa C-terminal domain that is proline-rich (14.1%) and contains an alternatively spliced domain, whose expression was previously shown to correlate with variable properties of tight junctions. dig mutations result in loss of apical-basolateral epithelial cell polarity and in neoplastic growth. These results suggest a protein family specialized for signal transduction on the cytoplasmic surface of intercellular junctions. These results also provide biochemical evidence for similarity between invertebrate septate and vertebrate tight junctions. The C-terminal domain of ZO-1, and its alternatively spliced region, appears to confer variable properties unique to tight junctions.
dig mutations result in loss of apical-basolateral epithelial cell polarity and in neoplastic growth. These results suggest a protein family specialized for signal transduction on the cytoplasmic surface of intercellular junctions. These results also provide biochemical evidence for similarity between invertebrate septate and vertebrate tight junctions. The C-terminal domain of ZO-1, and its alternatively spliced region, appears to confer variable properties unique to tight junctions.
Tight junctions, zonula occludentes, form regulated intercellular barriers between both epithelial and endothelial cells and serve to separate tissue compartments by limiting ability of solutes, water, and immune cells to traverse the paracellular space. Tight junctions also separate biochemically distinct apical and basolateral plasma membrane surfaces contributing to maintenance of cellular polarity. The paracellular barrier of tightjunctions varies among cell types with respect to electrical resistance and charge and size of molecules permitted to pass through the junction. These properties are hormonally regulated in vivo and in cultured epithelial and endothelial cells (1, 2) . The ability of junctions to assemble and disassemble in cultured cells is influenced by protein kinases A and C as well as guanine nucleotide binding (G)-protein pathways (3, 4) ; however, the specific sites of regulation are undefined.
In cross-sectional images, the tightjunction is composed of several points, or "kisses," at which the membranes of adjacent cells come into close contact. Contacts are presumed to be formed by rows of transmembrane proteins forming homotypic associations with those on adjacent cells to create a continuous seal around each cell (1, 5) . Epithelial cells of invertebrates contain a barrier-forming junction called the septate junction (6) , which is ultrastructurally
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distinct from tight junctions. Until the present report, to our knowledge, no biochemical similarities between septate and tight junctions had been identified. Mutations resulting in absence of the dlg protein, which is normally located on or near the cytoplasmic surface ofDrosophila septatejunctions, lead to loss of cellular polarity and neoplastic growth of epithelial cells within larval imaginal discs (7, 8) . Although tight junctions are aberrantly organized in mammalian carcinomas (9), they are not known to directly regulate cell proliferation.
ZO-1, the first identified protein of tight junctions, is an =220-kDa peripheral membrane phosphoprotein expressed in tight junctions of both epithelial and endothelial cells (10, 11) . Ultrastructural immunogold localization shows ZO-1 located on the cytoplasmic membrane surface precisely at sites of cell-cell contact (10) . ZO-1 has also been localized to the highly modified tight junctions of glomerular epithelial cells (12) and to the cell-cell contacts of several cultured nonepithelial cells, including brain astrocytes (13) . We previously reported the partial cDNA sequence of both rat and human ZO-1 including a 240-bp region that is alternatively spliced (11, 14) . Two protein isoforms are generated that differ by an 80-aa domain. Immunolocalization studies suggest junctions express one or the other isoform and expression of the shorter isoform correlates with greater structural plasticity (11) . Several other tightjunction proteins have been identified, including cingulin (15), (16) , and the 7H6 antigen (17) . The function of all these proteins remains unknown. Although junctional permeability and structural organization are regulated (1, 2) , a role for tight junctions in transducing intercellular signals has not been previously proposed.
We now report the full-length cDNA sequence of human ZO-lt and its homology to the product of the lethal(J )discslarge-1 (dlg) tumor suppressor gene of Drosophila and a postsynaptic density (PSD) protein from rat brain (PSD-95; ref. 18 ). We suggest ZO-1 is a member of a family of proteins involved in signal transduction at specialized cell-cell junctions and that ZO-1 contains additional sequences responsible for defining specific properties of tight junctions. (Fig. 1) . Clones encoding the 5'-most sequence were obtained from two libraries (Fig. 1 , libraries 1 and 2) made by priming poly(A)+ RNA from human liver with specific antisense ZO-1 primers after methylmercury denaturation (Clontech). The 5' untranslated region of the isolated cDNA contains several G+C-rich regions, is 66% G+C overall, and is presumably highly structured. High G+C content in long 5' untranslated regions has been noted in mRNAs whose expression is highly regulated, including those encoding oncogenes, membrane kinases, and other proteins involved in cellular signal transduction (22) . Northern blot analysis detects a major 7.9-kb mRNA species encoding ZO-1 in all tissues tested, consistent with the identified cDNA of 7888 bp (see Fig. 3A ).
MATERIALS AND METHODS
An open reading frame is present from positions 1227 to 6434. We assign the translation start site based on a good match with the eukaryotic initiation consensus sequence (23) ; an alternative initiation site is present in frame at position 1191 but contains a weak consensus. The deduced amino acid sequence of 1736 residues predicts a protein of 194.7 kDa (Fig. 2) . This size is 12% smaller than the apparent molecular mass determined by SDS/PAGE. The high proline content (9.7%) may be responsible for this anomalous electrophoretic migration, as is characteristic of other proline-rich proteins (24) by the production of antibodies that exclusively recognize ZO-1 against two recombinant fusion proteins and a peptide predicted by this open reading frame (11, 14) . Three clones were isolated that demonstrate alternative splicing between positions 3953 and 4194 (see Fig. 2 ). Polyadenylylated clones were isolated that terminate at position 6463 or 7888, the first preceded by an A+T-rich region and the second preceded by two polyadenylylation consensus sequences (Fig. 2) . The longer polyadenylylation acceptor site is more prevalent based on mRNA size detected by Northern blot analysis (Fig.   3A ).
Genomic Southern blot analysis was performed on DNA isolated from human peripheral blood leukocytes (Fig. 3B ). After digestion with one of four restriction endonucleases and washing at moderate stringency, hybridization to single bands was detected. This is consistent with ZO-1 being encoded by a single gene.
Sequence Homologies. The N-terminal 793 residues of ZO-1 form a basic (pl = 9.3) 89.4-kDa domain that is homologous to the dlg tumor suppressor of Drosophila (26% identical, 47% similar; ref. 8), PSD-95 from rat brain synapses (31% identical, 55% similar; ref. 24) , and the human erythrocyte membrane protein p55 (24% identical, 47% similar; ref. 18 ).
dlg and PSD-95 appear more closely related to each other (58% identical, 76% similar) than to either ZO-1 or p55 (Fig.   4 ).
The dlg product is located at the apical-lateral membrane boundary of epithelial cells in the adult fly, presumably in septate junctions (8) , comparable to the localization of ZO-1 in tight junctions. dlg is present in the early blastoderm and associates with the plasma membrane preceding septate junction formation at the time of dorsal closure. Mutations of the dlg protein result in loss of normal apical-basolateral polarity and intercellular adhesion of epithelial cells within imaginal discs. Cells become cuboidal, develop intercellular gaps, and during an abnormally prolonged larvae stage, proliferate to form solid tumor. Some mutant alleles of dlg permit the formation of septate junctions but neoplastic growth still occurs (7, 8) . These results suggest dlg is involved in signal transduction necessary for proliferation control in mitotically active tissues. The PSD-95 protein has been identified as a component of the PSD of rat brain, a site of cell-cell contact specialized for information transfer. Although neurons do not undergo mitosis, the homology between dlg and PSD-95 has led to speculation that PSD-95 is involved in synaptic signaling or organization (18) . p55 is a palmitoylated protein of the human erythrocyte membrane that copurifies with the actin-bundling protein dematin and a serine kinase (25) . The function of p55 is unknown, but based on homology with dlg, a role in differentiation ofthe erythroid lineage has been proposed (26) .
All four proteins contain domains of homology with the src oncogene homology region 3 (SH3) as defined by Musacchio et al. (27) . This =60-residue motif was originally identified in the noncatalytic region of the src family of protein tyrosine kinases and is now recognized in numerous signaling and cytoskeletal proteins (27, 28) . Emerging evidence suggests SH3 domains bind to a variety of different proteins that regulate activity of small GTP-binding proteins by controlling the ratio of bound GTP to GDP (e.g., through accelerating hydrolysis of bound GTP to GDP or stimulating or inhibiting release of bound GDP). For example, SH3 domain of the protooncogene c-abl binds to a member of the GTPaseactivating protein (GAP) rho family. Mutation of the SH3 domain activates the c-abl transforming ability (29) . GAP rho catalyzes hydrolysis of GTP to GDP bound to small GTPbinding proteins, which is expected to inactivate ras-like proteins. The SH3 domain of the dlg protein has been shown to be most closely homologous to that of the oncogene v-crk 
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ADP (30) . GK activity of the dlg product is proposed to ZO-1 like dlg, PSD-95, and p55 also contains a region of elevate GDP relative to GTP within the septate junction and homology to the yeast GK, as shown in Fig. SB and Table 2 . ity would elevate GTP/GDP levels, activate G proteins, and stimulate proliferation (8, 26) . However, it is not clear whether ZO-1, dlg, or PSD-95 can function as active kinases. All adenylate kinases and GKs contain conserved residues forming an "anion binding hole" for the P04 groups of ATP; these are residues Gly-8 to Ser-15 of yeast GK (Fig. 5, ref.  31 ). Three ofthe 8 residues in this region are deleted in ZO-1, dig, and PSD-95, although p55 maintains these residues. The crystal structure of yeast GK with bound GMP has been solved (31) . GMP binds to yeast GK through hydrogen bonds at residues Arg-38, Arg-41, Tyr-50, and Tyr-78 and directly at Ser-34, Glu-69, Ser-80, and Asp-100 (Fig. SB) . This region is poorly conserved in ZO-1, with substitutions or a deletion at four sites and a conspicuous 28- nates three additional GMP binding sites (Fig. 5) . Thus, ZO-1 is very unlikely to have GK activity. Conservation of residues required for GMP binding is better in dlg, PSD-95, and p55; however, direct evidence for GK activity in these proteins is lacking. Alleles of dlg that delete only the C-terminal GK domain still induce the mutant phenotype, strongly suggesting an important, although undefined, activity for this domain. The structure of GK is similar to that of small GTP-binding proteins (31) . Thus an alternative hypothesis is that the GK homology domains of this family interact with signaling pathways via G-protein-binding proteins (e.g., GTPase-activating proteins) and not by altering GDP/GTP ratios.
Like dlg and PSD-95, the N-terminal region of ZO-1 contains a repeating 90-aa motif whose function is unknown. Both dig and PSD-95 contain three repeats. Repeats 1, 2, and 3 are, respectively, more similar between dlg and PSD-95 than within each protein, suggesting a common evolutionary origin for the entire colinear set ofprotein domains. Although ZO-1 also has three repeats, repeat 2 is not well conserved.
Comparison ofZO-1 and dlg shows that the first repeat is 44% identical (68% similar) and the third repeat is 42% identical (70% similar). However, the second repeat is only 22% identical (40% similar). These repeats have been arbitrarily referred as GLGF repeats (18) , although the GLGF motif is not conserved in either (24) . An 80-aa domain (a) near the N-terminal boundary of the proline-rich domain is variably present as a result of alternative RNA splicing. The a domain is also proline-rich and indistinguishable from the remainder of this domain with respect to pl and amino acid composition. We have shown that the a-containing isoform is found in most epithelial cell junctions and the a-lacking isoform is found in both endothelial cells and the highly specialized epithelial junctions of renal glomeruli and Sertoli cells of the seminiferous tubules (11, 32) . In freezefracture electron microscopic images, isoform expression correlates with whether the transmembrane proteins of the junctions break away with the inner or outer plasma membrane leaflet. We hypothesize the a domain is involved in a protein interaction that stabilizes junctions, since junctions expressing ZO-1 without the a domain are more plastic in their ability to open and close the intercellular space and move within the plane of the membrane (11) . ZO-1 also immunolocalizes to points of cell-cell contact in cultured nonepithelial cells (astrocytes, myelomas, and fibroblasts; ref. 13) , although the specific isoform expressed has not been determined. Movement of ZO-1 from the cytoplasm to membrane is an early event occurring concurrently with cell-cell contact (ref. 19 and unpublished data). These observations suggest that ZO-1 may be involved in transducing a signal required for junction assembly. CONCLUSION ZO-1 is a member of a family of proteins implicated in signal transduction at the plasma membrane and specialized cellcell junctions. A role in signal transduction involving small GTP-binding protein-coupled pathways is implied by the presence of SH3 and GK domains. Such a role is directly supported for the dlg product, which regulates cell proliferation. The colinear distribution of domains within these proteins suggests both a common evolutionary origin and that their integrated function requires coexpression of these domains. We suggest the N-terminal domain of ZO-1, which is homologous to dgl, may be involved in signaling that is predicted to occur during regulation of paracellular permeability or structural reorganization ofjunctions during development, epithelial cell mitosis, or movement of immune cells across epithelia. The acidic and proline-rich domains of ZO-1 are not shared by other members of the family. Based on the correlation of ZO-1 isoforms with tight junctional properties, we propose that the alternatively spliced C-terminal region of ZO-1 confers structural features specific to tight junctions.
Note Added in Proof. The cDNA sequence ofmouse ZO-1 (termed the 220-kDa protein) was recently reported (33) and the protein was shown to colocalize with cadherin in nonepithelial cells.
